Abstract-Synthetic aperture radar (SAR) system has inherent constraints between high azimuth resolution and wide swath width. Achieving more phase center samples is one of the key solutions to resolve this limitation. By multiple N transmitting and N receiving channel concept, an increased resolution or a widened swath width could be obtained. In this paper, comprehensive analysis for shifting multiple-input multiple-output (MIMO) SAR system is presented. System resolution enhancement has been demonstrated based on the distributed target simulation by a factor of N compared to conventional displaced phase center antenna (DPCA) system.
INTRODUCTION
Conventional synthetic aperture radar (SAR) systems which use a single antenna aperture for transmitting (Tx) and receiving (Rx), have inherent limit for achieving a wide swath width W g and a good azimuth resolution ρ a together. This limitation can be expressed about pulse repetition frequency (PRF) as follows:
where v p is airborne or spaceborne platform velocity, Δf d the Doppler bandwidth, c the speed of light and θ i the incident angle. From this inequity, PRF boundary could be determined with considering an appropriate azimuth resolution and a suitable swath width. Airborne SAR system has a large boundary about the PRF because of the slower velocity and smaller swath width than spaceborne SAR system. For those reasons, a high PRF for obtaining both wide swath width and high resolution can be simply selected [1] . For spaceborne SAR system, which has a faster platform velocity and a wider required swath width, several novel studies based on the displaced phase center antenna (DPCA) technique have been introduced for overcoming the constrains [2] [3] [4] [5] [6] .
Using the conventional DPCA system, we can obtain additional samples in the azimuth direction by a factor of N, which is the number of Rx channels, during each pulse repetition interval (PRI). By increasing the number of samples, an improved azimuth resolution or a decreased PRF can be achieved by a factor of N. When considering the Tx and Rx channels for the systems, DPCA SAR system can be explained as a single-input multiple-output (SIMO) system. For getting more samples, novel multiple-input multiple-output (MIMO) SAR system concept design based on a multiple Tx antenna shift method has been introduced [7] , and various types of MIMO SAR systems have received much attention due to their attractive application potentials [10] [11] [12] [13] . The shifting MIMO SAR system has N 2 samples during one PRI, and it results in an increased azimuth resolution or the decreased operating PRF by a factor of N, number of Tx channels, compared to the DPCA-based SAR systems.
In this paper, comprehensive analysis for the proposed shifting MIMO SAR system is presented. Figure 1 shows the total block diagram of the suggested shifting MIMO SAR system which includes a Tx pulse generation set, an air interface, Rx demodulation, dividers, range compression, phase compensation, range cell migration correction (RCMC), data arrangement, and azimuth compression blocks. Through the phase compensation blocks, we can consider the phase errors caused by the discrete distribution of element antennas of a large array. Based on the detailed total system analysis, it would be straightforwardly possible to apply this suggested method to real spaceborne SAR system. This paper is organized as follows. In Section 2, I briefly explain the suggested shifting MIMO SAR system compared to the conventional DPCA-based SAR system. In Section 3, a detailed analytical description of the proposed shifting MIMO SAR system is presented. The performance analysis based on a distributed target simulation is presented in Section 4. I conclude the paper with a brief summary in Section 5. Figure 2 shows a comparison between a DPCA-based SAR system, which has a single fixed Tx and three Rx antennas, and the suggested shifting MIMO SAR system with three Tx and Rx antennas. The timing diagrams of both systems are illustrated in Figure 2 (a). In contrast to the DPCA-based SAR system, a Tx set which has multiple Tx pulses is used for the suggested system. Each Tx pulse is emitted at each shifted Tx antenna with a pulse duration τ and pulse interval Δτ .
SHIFTING MIMO SAR SYSTEM AND CONSTRAINTS
As we can observe in Figure 2 (b), the number of sample positions in one PRI in the DPCA-based SAR system is equal to that of the receiving channels, 3; on the other hand, the shifting MIMO SAR system can obtain 3 2 sample positions in the same PRI with the help of shifting strategy.
To obtain the same distance between samples, the movement of the platform during the previous pulse transmissions has to be considered. If not, the delayed samples are obtained and cause significant error as shown in Figure 3 .
The platform movement for the previous pulse transmission can be represented as follows:
where Δm i is the distance of the movement of the platform when the i-th pulse is emitted. In order to compensate the movement of the platform, the space desired to be shifted for the Tx antenna at each pulse can be derived as follows:
where Δs i is the shifted space of the i-th Tx antenna, and the first term of this equation represents the space for the stop and hop case, and the second term explains the compensation of the platform movement. After applying the equation, identical distance between samples can be obtained as shown in Figure 4 . The shifted space Δs i should be greater than or equal to zero to guarantee the system operation. Therefore, the maximum number of Tx and Rx antennas of the shifting MIMO SAR system can be derived as following equations.
Another important issue when designing the shifting MIMO SAR system is the Tx antenna shift error because of the discrete distribution of element antennas of a large array antenna. So the shifted space Δs i given from Eq. (3) cannot be adjusted arbitrarily in a real array antenna system. Figure 5 shows the antenna geometry in azimuth direction. The desired shifted space, Δs i , can be represented by the sum of the real shifted space, Δs r i , and the space to be compensated, Δs c i , as shown in Eq. (6).
where Δg is the gap between the element antennas. Since the phase center positions are placed at the middle point between the Tx antenna and Rx antenna, the phase center position change due to the Tx antenna shift error is half of the space to be compensated as shown in Figure 6 .
If we assume that the gap equals 0.7λ, the range of error can be represented as Eq. (8), and it is quite small compared to the distance between the phase centers. So we do not need to change the antenna beam pattern in order to compensate the error. However, the phase variation needs to be considered and is compensated in phase compensation stage which will be explained in next section.
COMPREHENSIVE ANALYSIS FOR PROPOSED SYSTEM
In this section, a more detailed analytical description of the shifting MIMO SAR system is given. The whole block diagram of the suggested shifting MIMO SAR system is expressed in Figure 1 . Tx pulses with slope-varying chirp signals can be used to achieve low cross-correlation [8] . The i-th Tx signal can be expressed as follows:
where f o is the operating frequency, and A i , w r,i (t), K r,i , and τ i are the amplitude, range window function, range linear frequency modulation (LFM) rate, and pulse duration of the i-th Tx signal, respectively. rect(x) is the rectangular function defined by
The Tx pulse set s tx (t) can be expressed with the time delay of each pulse as in Eq. (9), below.
The total Tx pulses are emitted and then reflected from a ground through the air interface. Each receiver is turned on to obtain the reflected signals, and the signal arrived at the k-th Rx antenna can be represented as follows:
where
η is the azimuth time; B ki is the complex radar cross section (RCS); w a (η) is the azimuth beam pattern that can be extended using the method [1] ; R t,i (η) and R r,k (η) are the instant slant ranges between the target and the phase centers of the i-th Tx antenna and the k-th Rx antenna, respectively as shown in Figure 7 ; R(η) is the standard slant range which is the distance between the target and the phase center of the first Tx antenna; R 0 is the slant range of closet approach. Substituting Eq. (9) into Eq. (13) gives
The received signal is down-converted using the quadrature demodulation, and the k-th baseband signal can be expressed as follows:
where 24) can be represented using the principle of stationary phase (POSP) [9] as in Eq. (25).
The first part of Eq. (25) is the autocorrelation, and the second part represents the crosscorrelations. The power difference level between them can be expressed in log scale as follows:
We can select the range LFM rates and pulse durations to make power difference level less than −30 dB. From this process, we can omit the term related with cross-correlations in Eq. (25) and obtain N 2 independent signals after applying range compression using N matched filters.
To correctly recover the N 2 compressed signals, the phase variations due to the Tx pulse delay of Eq. (2) and different azimuth displacements between the Tx and Rx antennas of the third exponential term in Eq. (20) have to be compensated by adding the following term:
In order to compensate the Tx antenna shift error mentioned in the previous section, I added the following term in the range Doppler domain.
The phase compensated signal can be expressed in the range Doppler domain as follows:
f η is the azimuth frequency and W a (f η ) the envelope of Doppler spectrum of the antenna azimuth beam pattern. The position of the phase center between the l-th Tx antenna and k-th Rx antenna is given in the first term in the square brackets in Eq. (36). The second term demonstrates the compensation for the movement of the platform when the l-th pulse is emitted. The total phase centers from the suggested MIMO SAR system have N 2 positions in one PRI as shown in Eq. (37), below. Each row is obtained from the corresponding Rx antenna, and each column is related with the corresponding Tx antenna.
N 2 phase compensated signals move to the next step of the RCMC, and the quantity to be corrected is as follows:
After applying the RCMC, the corrected signal can be expressed as follows:
N 2 corrected signals, as arranged in Equation (40), below, fill in the gaps of the target's azimuth phase history.
PERFORMANCE ANALYSIS USING DISTRIBUTED TARGET
In order to generalize the proposed shifting MIMO SAR system, the distributed target simulations are carried out using the parameters summarized in Table 1 . The beamwidth of each Tx and Rx antenna is extended by a factor of N following the method suggested in [1] . Figure 8 shows a comparison between antenna azimuth beam patterns for each case. Figure 9 shows the map of KAIST in Dae-jeon in Korea, and some area is selected to be used for Since the area of the chosen region is 50 · 50 m 2 , the number of total targets in the area is 40,000. Figure 10 represents the results of the distributed target simulations for the DPCA-based SAR system and the proposed shifting MIMO SAR system. To mitigate the image distortion between range and azimuth directions, various chirp pulse bandwidths are used. As shown in this figure, the azimuth resolution of the shifting MIMO SAR system was improved by a factor of 3 for Case 3 and 4 for Case 4 as compared to the conventional DPCA-based SAR system, as summarized in Table 2 .
CONCLUSION
In this paper, detailed analysis for a shifting MIMO SAR system has been introduced. From the Tx pulse generation blocks to azimuth compression blocks, we can see the radar signal's comprehensive logical expressions. Especially, during the phase compensation step, we can compensate the phase errors caused by the discrete distribution of element antennas of a large array. The shifting MIMO SAR system can obtain N 2 samples during one PRI, and it can result in increased azimuth resolution by a factor of N, the number of Tx channels, compared to the DPCA-based SAR system. This is confirmed by the distributed target simulations. Based on the suggested comprehensive analysis for this shifting MIMO SAR system, it can be possible to effectively enhance the system performance of future spaceborne SAR systems.
